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© 2010 The Japan Society of Histochemistry and Cy- We recently reported the expression of podoplanin in the apical bud of adult mouse incisal
tooth. This study was aimed to investigate the distribution of podoplanin-expressing cells
in mouse tooth germs at several developing stages. At the bud stage podoplanin was
expressed in oral mucous epithelia and in a tooth bud. At the cap stage podoplanin was
expressed on inner and outer enamel epithelia but not in mesenchymal cells expressing
the neural crest stem cell marker nestin. At the early bell stage nestin and podoplanin were
expressed in cervical loop and odontoblasts. At the root formation stage both nestin and
podoplanin were weakly expressed in odontoblasts generating radicular dentin. Podoplanin
expression was also found in the Hertwig epithelial sheath. These results suggest that
epithelial cells of developing tooth germ acquire the ability to express nestin, and that tooth
germ epithelial cells maintain the ability to express podoplanin in oral mucous epithelia.
The expression of podoplanin in odontoblasts was induced as tooth germ development
advanced, but was suppressed with the completion of the primary dentin, suggesting that
podoplanin may be involved in the cell growth of odontoblasts. Nestin may function as an
intermediate filament that binds podoplanin in odontoblasts.
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I. Introduction
Podoplanin is the antigen of the kidney glomerular
epithelial cell, the podocyte. In a rat model of nephropathy
by puromycin aminonucleoside nephrosis with severe
proteinuria, the podocyte foot processes exhibit extensive
flattening and podoplanin is selectively reduced to less than
30%. It is thought that podoplanin plays a role in maintain-
ing glomerular permeability because morphological altera-
tions of cell shape occur with selective loss of podoplanin in
the nephrosis that accompanies proteinuria [3, 13, 18, 19].
Podoplanin is also a well-established lymphatic endothelial
cell marker which is recognized by the D2-40 antibody, and
is homologous to the T1α-2 gene which encodes the type I
alveolar cell specific antigen. Podoplanin is first expressed
at around E11.0 in Prox1-positive lymphatic progenitor cells
and podoplanin deficient mice die at birth because of res-
piratory failure. Podoplanin deficient mice also have defects
in lymphatic formation with diminished lymphatic transport
and congenital lymphedema [3, 4, 7, 10, 14, 21, 23–25,
27, 28, 30, 31]. Furthermore, there have been reports on
podoplanin expression in mesothelial cells [23, 24], epi-
dermal basal layer cells [14], choroid plexus epithelial cells
[37], thymus type I epithelial cells [3], and immature cells
like fetal germ cells and developing Sertoli cells [11, 32, 40].
Since podoplanin is a mucin-type transmembrane protein
it is thought to be involved in the development and homeo-
static maintenance of several kinds of cells by its extensive
O-glycosylation with a high content of sialic acid [11,
30–34].
In oral tissue we have recently reported the expression
of podoplanin in mouse salivary gland myoepithelial cells
[8, 9, 30]. The immunohistochemical study revealed that
myoepithelial cell processes on the terminal portion ofImaizumi et al. 116
salivary glands express podoplanin. In an immunoelectron
microscopic study podoplanin localization was found at
the Golgi apparatus binding to endoplasmic reticulum near
nuclei in the cytoplasm of myoepithelial cells and at the
myoepithelial cell membrane, indicating that podoplanin is
a marker protein of salivary gland myoepithelial cells. On
the other hand, we have also reported the expression of
podoplanin in apical bud cells at cell-cell contacts in the
adult mouse incisal tooth [29]. Podoplanin expression in
mesenchymal cells has been reported in cells exhibiting
morphological diversity: osteocytes and osteoblasts [36],
prostate myofibroblasts [26], and follicular dendritic cells
[16, 38]. Therefore, it was thought that the expression of
podoplanin is also induced in developing tooth germ cells
with differentiation and morphological changes.
In this study, nestin was used to identify neural crest-
derived mesenchymal cells. Nestin is an intermediate fila-
ment that is useful as a neural crest stem cell marker [1,
12, 22, 29, 35]. Nestin is expressed in the central nervous
system stem cells from the neural tube and in immature
skeletal muscle cells, and is replaced by neurofilaments and
desmin on terminal differentiation. Nestin is also expressed
in odontoblasts from early to late developmental stages but it
is unknown what kind of protein interacts with nestin. If
podoplanin constructs cytoskeleton with nestin in the tooth
germ, the expression and reduction of nestin may correspond
with those of podoplanin at the development stages.
This study was aimed to investigate the relation
between odontogenesis and the distribution of podoplanin-
expressing cells in developing tooth germ.
II. Materials and Methods
Subjects
ICR mice from pregnancy 7th to 14th and from 1st after
birth to 15th (n=10) (Charles River Japan Inc., Yokohama,
Japan) were used. Maxillary tissue including upper molar
tooth germ was obtained after euthanasia by intraperitoneal
injection with sodium pentobarbital (10 ml/kg, Nembutal,
Abbott Laboratories, North Chicago, IL, USA). The pro-
tocol for animal use was reviewed and approved by the
animal experiment committee of Fukuoka Dental College,
Fukuoka, Japan. Coronal undecalcified frozen tissue sec-
tions (8 μm) of molar tooth region were cut in a cryostat and
fixed in 100% methanol for 1 min at −20°C.
Immunostaining
Sections were treated with 1% goat serum (GS) diluted
with 10 mM phosphate-buffered saline (PBS, pH 7.4) for
10 min at room temperature (RT) and were exposed by a
cocktail of primary antibodies: 1 μg/ml of hamster anti-
mouse podoplanin IgG (AngioBio Co., Del Mar, CA) and
rabbit anti-mouse nestin antibody (Abcam Inc., Cambridge,
MA) for 8 hr at 4°C. After treatment with first antibodies,
Fig. 1. Podoplanin expression in a mouse oral mucous epithelia and tooth germ at the bud stage (E14). Figures show coronal sections of molar
tooth germ. Lower figures are the region highlighted by a box in the upper figure of H-E staining. Aggregated immature skeletal muscle cells in
tongue and palate (asterisks), and oral mucous epithelia (arrow) are strongly stained in red with antibody for neural crest stem cell marker
nestin. Cells that reacted with anti-nestin are scattered in the tooth bud and in mesenchymal cells are densely gathered around the tooth bud.
Reaction products with anti-podoplanin (green) are detected strongly on the cell surface of oral mucous epithelia, and of the whole epithelia
of the bud at cell-cell contacts, and are detected weakly on stellate reticulum in the center of tooth germ. The nestin-positive mesenchymal
cells surrounding the tooth bud do not react with anti-podoplanin. Bar=100 μm.Podoplanin Expression in Tooth Germ 117
sections were reacted with a cocktail of second antibodies:
1  μg/ml of AlexaFluor 488-conjugated goat anti-hamster
IgG and AlexaFluor 568-conjugated goat anti-rabbit IgG
(Molecular Probes, Invitrogen, Eugene, OR) in GS-PBS for
1 hr at RT, and then examined by fluorescence microscopy
BZ-8100 (Keyence Corp., Osaka, Japan). The specificities
of antibodies are described in our previous studies [8, 9,
21, 29].
III. Results
In a mouse tooth germ at the bud stage, the expression
of nestin was observed in not only mesenchymal cells
surrounding tooth buds but also in epithelial cells scattered
in tooth buds, and in oral mucous epithelia (Fig. 1). Reac-
tion products with anti-podoplanin were observed on oral
mucous epithelial cells, salivary glands and bone [8, 9].
Strong expression of podoplanin was observed in tooth germ
epithelial cells whereas podoplanin expression was not
detected in nestin-positive mesenchymal cells surrounding
the tooth bud (Fig. 1).
In mouse tooth germ at the cap stage, strong expression
of nestin was observed in aggregated mesenchymal cells in
the dental papilla (Fig. 2). It was also observed that reaction
products with anti-nestin were present in the enamel organ
at the inner enamel epithelial cells which lie above the
aggregated dental papilla cells. Reaction products with anti-
podoplanin were strongly detected on the inner and outer
enamel epithelia at cell-cell contacts, and weakly on the
loosely aggregated stellate reticulum in the center of the
tooth germ but not in nestin-positive mesenchymal cells
surrounding the tooth germ (Fig. 2).
In mouse tooth germ at the early bell stage, strong
expression of nestin was observed in the enamel cord,
aggregated stellate reticulum at the region adjacent to inner
enamel epithelia, and odontoblasts in the tooth germ
(Fig. 3). Strong expression of nestin was also found in the
cervical loop where the outer enamel epithelium and the
inner enamel epithelium cross over at the apical region of the
tooth germ. Reaction products with anti-podoplanin were
strongly detected in the enamel cord, and in the inner and
outer enamel epithelia at the cervical loop. Immunoreaction
with anti-podoplanin was lower in ameloblasts at the region
which forms the top of the central cusp than in enamel epi-
thelia at the cervical loop. In dental papilla only odontoblasts
exhibit a strong immunoreaction to anti-podoplanin (Fig. 3).
In mouse tooth germ at the root formation stage with
enamel and root formation, only weak reaction products
with anti-nestin were found in odontoblasts forming the
radicular dentin and in mesenchymal cells near the Hertwig
epithelial sheath except for the cross reaction to bone and
dental hard tissue (Fig. 4). Reaction products with anti-
podoplanin were only found in odontoblasts forming
radicular dentin and in Hertwig epithelial sheath except
for the cross reaction of anti-podoplanin as well as that of
anti-nestin (Fig. 4).
Fig. 2. Podoplanin expression in the mouse tooth germ at the cap stage (E16). Figures show coronal sections of molar tooth germ. Lower figures
are the region highlighted by a box in the upper figure of H-E staining. It is found that aggregated mesenchymal cells of the dental papilla (aster-
isk) and inner enamel epithelia above aggregated dental papilla cells are strongly stained in red with antibody for nestin. Reaction products with
anti-podoplanin (green) are found strongly on inner and outer enamel epithelia at cell-cell contacts (arrow), and weakly on the loosely aggre-
gated stellate reticulum in the center of a tooth germ. The nestin-positive mesenchymal cells surrounding tooth germ do not react with anti-
podoplanin. Bar=100 μm.Imaizumi et al. 118
IV. Discussion
According to a recent report the expression of nestin
is found in aggregated immature skeletal muscle cells in
tongue and palate [12], while the present study shows that
nestin is expressed in both the mesenchymal and epithelial
cells of the mouse tooth germ at the bud stage (Fig. 1). It
is thought that epithelial cells of the tooth germ in the early
developmental stage acquire the ability to express the neural
crest stem cell marker nestin. The present study showed
that podoplanin was expressed in oral mucosa and tooth bud
epithelial cells but not in nestin-positive mesenchymal cells
surrounding the tooth bud. It is thought that the ability of
oral mucous epithelial cells to express podoplanin is main-
tained in tooth bud epithelial cells. In mouse tooth germ at
the cap stage, both dental papilla mesenchymal cells and
inner enamel epithelial cells expressed nestin, while inner
and outer enamel epithelia expressed podoplanin, suggesting
that inner enamel epithelia have the ability to express both
nestin and podoplanin at the cap stage (Fig. 2). In mouse
tooth germ at the early bell stage, both nestin and podoplanin
were strongly expressed in the enamel cord, cervical loop
enamel epithelia, and odontoblasts whereas the immuno-
reaction with both anti-nestin and anti-podoplanin was
lower in ameloblasts than in enamel epithelia (Fig. 3). At
the root formation stage nestin and podoplanin were weakly
expressed only in odontoblasts forming radicular dentin
while the Hertwig epithelial sheath expressed podoplanin
but not nestin (Fig. 4). These results suggest that prolif-
erating enamel epithelia and odontoblasts transiently exhibit
the ability to produce nestin, and that the ability is reduced
with differentiation (Table 1). The expression ability of
Fig. 3. Podoplanin expression in the mouse tooth germ at the early bell stage (E18). Figures show coronal sections of molar tooth germ. Middle
and lower figures are regions highlighted by boxes in the upper figure of H-E staining. It is found that enamel cord (asterisk), aggregated stellate
reticulum adjacent to inner enamel epithelia (outlined arrowhead), odontoblasts (arrowhead), and dental papilla cells underneath odontoblasts
are strongly stained in red with antibody for nestin. Strong reaction products with anti-nestin are also found in the cervical loop where the outer
enamel epithelium and the inner enamel epithelium come across at the apical region of the tooth germ (arrows). The enamel cord, and inner and
outer enamel epithelia at the cervical loop are strongly stained with anti-podoplanin (green). Immunoreaction with anti-podoplanin is lower in
ameloblasts at the top of central cusp than in enamel epithelia at the cervical loop. In the dental papilla only odontoblasts are stained by anti-
podoplanin. Bar=100 μm.Podoplanin Expression in Tooth Germ 119
Fig. 4. Podoplanin expression in the mouse tooth germ at the root formation stage with enamel and root formation (P12). Figures show
coronal undecalcified frozen sections of molar tooth germ. Lower figures are regions highlighted by a box in the upper figure of H-E staining.
Reaction products with anti-nestin are only found in odontoblasts with radicular dentin formation (arrowhead) and in mesenchymal cells near
Hertwig epithelial sheath (arrow). Reaction products with anti-podoplanin are only found in odontoblasts with generating radicular dentin and
in the Hertwig epithelial sheath. There is a cross reaction with both anti-nestin and anti-podoplanin at the edge of the alveolar bone, dentin, and
enamel. Bar=100 μm.
Table 1. Expression of nestin and podoplanin in the mouse tooth germ cells
The expression of nestin (N) in tooth germ epithelia was found partially in tooth bud epithelia and was detected strongly at the early bell stage,
but was not found at the root formation stage. The expression of nestin in tooth germ mesenchymal cells was weakly found around tooth buds
and in dental palilla, and was detected strongly in odontoblasts, especially at the early bell stage, but vanished with dentin completion. The
expression of podoplanin (P) in tooth germ epithelia was found in tooth bud epithelia continuously from oral epithelia and was detected strongly
at the early bell stage, but was only found in the Hertwig sheath at the late bell stage. The expression of podoplanin in tooth germ mesenchymal
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podoplanin in enamel epithelia appears to be maintained as a
characteristic of the oral epithelium (Table 1).
Furthermore, only odontoblasts expressed podoplanin
in dental papilla mesenchymal cells and the expression was
reduced with the completion of a tooth (Figs. 3, 4) (Table 1).
Podoplanin induces an actin cytoskeleton rearrangement
dependent on the binding activity with a cytoplasmic linker
protein ezrin. Podoplanin up-regulates the Ras homolog
gene family, member A (RhoA)-GTPase activity resulting
in the ezrin phosphorylation by Rho-associated coiled coil-
containing protein kinase 1 [17, 33, 39]. Phosphorylated
ezrin intermediates the connection between membrane pro-
teins and F-actin, and the increase of podoplanin at the cell
membrane promotes the formation of membrane-actin struc-
tures critical for cell shape and induces plasma membrane
extension based on the cytoskeleton rearrangement [2, 5, 6,
15, 27–29]. Although it is unclear what molecules conjugate
with podoplanin in odontoblasts because of the absence of
usual expression of ezrin in mesenchymal cells, it is thought
that the induction of podoplanin in odontoblasts contributes
to form the cytoskeleton by binding with some intermediate
filaments.
In this study, the expression of nestin was clearly found
in the tooth germ. Nestin is an intermediate filament ex-
pressed in proliferating cells during early stages of develop-
ment of the central nervous system, peripheral nervous
system and myogenic tissue, and is also known as a useful
marker of migrating cells. Nestin is induced dependent on
the degree of cell differentiation and is replaced by tissue-
specific intermediate filament proteins [20]. In this study,
neither expression and reduction of nestin completely corre-
sponded with those of podoplanin on tooth germ epithelial
cells, but had good agreement with those on odontoblasts
(Table 1). Since nestin was exclusively expressed in odonto-
blasts and epithelial cells of developing tooth germ before
completion of dentin, it is thought that nestin may transiently
function to form a cytoskeleton in tooth germ cells. The
induction of podoplanin in odontoblasts may be involved
in the arrangement of the nestin cytoskeleton and the
podoplanin-nestin complex may play a role in the extension
of the odontoblastic fibers.
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